Introduction
============

Various factors, such as pharmacological factors,[@b1-jpr-7-091] psychological factors,[@b2-jpr-7-091] personality traits,[@b3-jpr-7-091] and presence of disease,[@b4-jpr-7-091] cause pain in humans. Psychophysical methods for quantifying pain have been used to monitor a subject's pain perception. These methods have proven to be extremely valuable. Most subjects learn to rate their pain easily using visual analog/numerical rating scales that require certain basic cognitive and motor skills. However, these skills can be so diminished in certain individuals because of cognitive or motor dysfunction related to age, disease, or perioperative state, that pain remains unnoticed and untreated.

Many researchers have assessed the autonomic response to pain, which is most frequently accomplished by monitoring skin conductance or heart rate, to identify accurate nonverbal measures of pain.[@b5-jpr-7-091],[@b6-jpr-7-091] In fact, a number of studies have shown that applying stimuli induces the sympathetic nervous system, which results in increased heart rate,[@b7-jpr-7-091] skin conductance,[@b8-jpr-7-091] and vasomotor tone.[@b9-jpr-7-091],[@b10-jpr-7-091]

Pulse oximetry is a noninvasive technique used to assess oxygen saturation, vasoconstriction, and pulse rate. The perfusion index (PI) is used to quantify pulse strength at the monitoring site and therefore provides an indirect and noninvasive measure of peripheral perfusion. PI is calculated by expressing the pulsatile signal (during arterial inflow) as a percentage of the nonpulsatile signal. Both signals are determined by the extent of infrared (940 nm) light absorbed by a pulse oximeter.[@b11-jpr-7-091] The pulse oximetric waveform can be used to monitor the sympathetic response to noxious stimuli.[@b10-jpr-7-091],[@b11-jpr-7-091] However, various factors, such as age, sex, and peripheral perfusion, are known to affect the quality of data obtained by pulse oximetry.[@b11-jpr-7-091] Nevertheless, pulse oximetry offers a noninvasive option for objectively evaluating pain perception.

It is well known that autonomic responses to noxious stimuli differ depending on age and sex.[@b6-jpr-7-091],[@b7-jpr-7-091] To our knowledge, this is the first study to measure the differences in autonomic responses to noxious stimuli induced by peripheral vasoconstriction using PI in young and aged, men and women.

The aim of the present study was to examine PI changes in healthy volunteers exposed to gradually increasing electrical Aβ fiber stimulation, to determine the effect of age and sex on these responses, and to evaluate the advantages and limitations of PI as a complementary pain evaluation tool for the development of better pain evaluation guidelines.

Materials and methods
=====================

Participants
------------

This study was approved by the research ethics committee at Osaka University Hospital. All participants provided their written informed consent. The subjects comprised 70 healthy volunteers (mean age 52.9±22.3 years, 35 women) who were recruited via advertisements. Subjects with a history of a neurological, psychiatric, or chronic pain disorder were excluded from the study. Subjects taking psychotropic or analgesic drugs during the course of the study were also excluded. The study was performed in a quiet room at 22°C--26°C. The study session lasted approximately 10 minutes.

Instruments and study design
----------------------------

### Electrical stimulation and perfusion index

Participants rested in the sitting position during the study. We used the Pain Vision System (PS-2100; Nipro Corporation, Osaka, Japan),[@b12-jpr-7-091] developed to estimate the patients' pain intensity as numbers on gradual Aβ fiber stimulation, where the patients are asked to report their pain threshold. Electrical stimulation was increased from 0 µA to 256 µA over 1 minute and was delivered to the forearm. First, the minimum detection threshold was measured for each participant ([Figure 1A](#f1-jpr-7-091){ref-type="fig"}). A high value would have indicated that the subject had nerve damage. Second, the pain detection threshold was measured, and a reusable pulse oximeter sensor (Radical-7; Masimo, Tokyo, Japan) was placed on the left middle finger to measure the pulse rate and PI. These data were sent to a laptop computer using a serial cable, where they were digitally recorded and averaged every second using Masimo SET Sat Partner software (Masimo). Approximately 5 minutes after placing the sensors and explaining the electrical stimulation procedure to the participants, gradually increasing electrical stimulation was applied to the inside of the left forearm using the Pain Vision System.[@b12-jpr-7-091] Participants were instructed to push a button when they experienced intolerable pain, at which point the stimulation was stopped. The procedure was repeated twice with an interval of sufficient duration to confirm that the PI had returned to the baseline value before initiating the next stimulation. We recorded the stimulation intensity (μA) for minimum detection threshold, pain detection threshold, pain tolerance, and mean PI 10 seconds before and after stimulation.

### Measurement variables

Pre-stimulus (baseline) measurements were defined as the average values during a 10-second time interval immediately before stimulation. Post-stimulus values were defined as the average values during a 10-second time period immediately after stimulation. For evaluating percent change, parameters were normalized by calculating their percent change from the pre-stimulus average (% change =100× \[post-stimulus average\]/\[pre-stimulus average\]). The mean values of the two trials were used for all analyses.

Statistical analysis
--------------------

Changes in PI and pulse rate before and after stimulation were analyzed using the paired *t*-test. One-way analysis of variance with the Tukey--Kramer multiple comparison test was used to analyze the detection threshold, tolerance, and pre-stimulation and post-stimulation PI and pulse rate. Correlations were tested using the Pearson's correlation coefficient. A *P*-value \<0.05 was considered to be statistically significant. The statistical analysis was performed using JMP version 9.01 software (SAS Institute Inc, Cary, NC, USA). All data are shown as the mean ± standard error of the mean.

Results
=======

Study population
----------------

Data were analyzed from 64 of the original 70 subjects. Six subjects were excluded because of technical failure. We categorized the participants into two groups, ie, an aged group (≥60 years) and a young group (\<60 years). Because 60 years is the retirement age in Japan, we chose this as the threshold for classification. In addition, we examined differences between men and women. Thus, we obtained four study groups, ie, aged men, aged women, young men, and young women. Demographic data for the 64 subjects are shown in [Table 1](#t1-jpr-7-091){ref-type="table"}.

Electrical stimulation
----------------------

The mean values for minimum detection threshold, pain detection threshold, and pain tolerance are shown in [Figure 1B](#f1-jpr-7-091){ref-type="fig"}. We observed a significant difference in the minimum detection threshold among the groups (*F*\[1,3,63\] =6.19, *P*=0.001); post hoc comparison revealed that the minimum detection threshold was higher in aged men than in aged women (*P*=0.0224) and young women (*P*=0.0007). The pain detection threshold was also significantly different between the groups (*F*\[1,3,63\], *P*=0.0003), being higher in the young men than in the aged men (*P*=0.0008) and aged women (*P*=0.0007). We also observed a significant difference in pain tolerance between the groups (*F*\[1,3,63\] =5.14, *P*=0.0031). Pain tolerance was higher in young men compared with young women (*P*=0.0074) and aged women (*P*=0.0111; [Figure 1B](#f1-jpr-7-091){ref-type="fig"}).

Change in perfusion index and pulse rate
----------------------------------------

The mean PI and pulse rate values are shown in [Figures 2](#f2-jpr-7-091){ref-type="fig"} and [3](#f3-jpr-7-091){ref-type="fig"}, respectively. We observed a significantly decreased PI in response to electrical stimulation in young men (*P*\<0.0001), young women (*P*=0.0002), and aged men (*P*=0.0158). However, these values were not significantly different in aged women before and after stimulation ([Figure 2](#f2-jpr-7-091){ref-type="fig"}). The baseline PI was significantly different between the groups (*F*\[1,3,63\] =3.62, *P*=0.0180), and was higher in aged men than in young women (*P*=0.0119). The PI in the post-stimulation period was significantly different between the groups (*F*\[1,3,63\] =8.83, *P*\<0.0001), being significantly lower in young men than in aged men (*P*=0.0039) and aged women (*P*=0.0095). Moreover, the PI values were significantly lower in young women than in aged men (*P*=0.0011) and aged women (*P*=0.0028; [Figure 3](#f3-jpr-7-091){ref-type="fig"}). The percent change in PI was significantly different between the groups (*F*\[1,3,63\] =15.3, *P*\<0.0001); it was significantly lower in young men than in aged men (*P*\<0.0001) and aged women (*P*\<0.0001) and significantly lower in young women than in aged women (*P*=0.0009). However, we observed no significant differences in pulse rate before or after stimulation for any of the groups ([Figure 4](#f4-jpr-7-091){ref-type="fig"}). There was no significant difference in baseline pulse rate; nevertheless, a significant difference was found in pulse rate between young men and aged men after stimulation ([Figure 3](#f3-jpr-7-091){ref-type="fig"}). Further, there was no significant difference in percent change for pulse rate in any of the groups. In other words, the stimulation was too small to increase the participants' pulse rate ([Figure 3B](#f3-jpr-7-091){ref-type="fig"}).

Effect of age on autonomic response to electrical stimulation
-------------------------------------------------------------

Next, we examined the correlation between age, PI, and percent PI change using Pearson's correlation. A significant correlation was observed between baseline PI and age in women (*P*=0.0036), but not for all subjects (*P*=0.184) or men (*P*=0.737; [Table 2](#t2-jpr-7-091){ref-type="table"}). Moreover, a significant correlation between PI in the post-stimulation period and age was observed for all subjects (*P*\<0.0001), men (*P*=0.0036), and women (*P*\<0.0001). A significant correlation was also obtained between percent PI change and age in all the subjects (*P*\<0.0001), in men alone (*P*\<0.0001), and in women alone (*P*\<0.0001). We also analyzed the sex-related differences in PI values and percent PI change for all subjects ([Table 3](#t3-jpr-7-091){ref-type="table"}). Significant differences were observed between men and women in terms of baseline PI and percent changes in PI.

There was a significant correlation between baseline pulse rate and age in female subjects (*P*=0.0356) and all subjects (*P*=0.0146), but not in male subjects (*P*=0.143; [Table 4](#t4-jpr-7-091){ref-type="table"}). Further, a significant correlation was observed between pulse rate after stimulation and age in all subjects (*P*=0.0099) and in female subjects (*P*=0.0493) but not in male subjects (*P*=0.0937). No significant correlation was found for any of the groups in terms of pulse rate changes.

Discussion
==========

We observed that PI decreased with noxious electrical stimulation even though the magnitude of stimulation was too small to induce changes in pulse rate. Moreover, the magnitude of response to electrical stimulation was different between the groups. PI did not change with stimulation in aged women. Even though PI is a good objective indicator, its usefulness as a complementary pain evaluation tool should be monitored carefully when evaluating aged women.

Individual differences do exist in terms of sensitivity to pain. Various population-based studies suggest that women are more likely to experience chronic pain syndrome and tend to report more severe pain than men.[@b13-jpr-7-091]--[@b15-jpr-7-091] In our study, pain tolerance was significantly higher in young men than in young women. However, in the elderly, there was no difference between males and females. Previous reviews related to sex differences concluded that women had significantly greater pain sensitivity than men, but they also acknowledged that these differences were not always consistent. Age-related differences may also be an important contributing factor. In our study, the pain detection threshold was significantly higher in young men than in aged men, even though pain tolerance was not significantly different between these groups. Higher tolerance implies a longer duration of stimulation. Thus, some of the effects observed in male subjects could have probably resulted from the extended duration of stimulation.

Several studies have shown that noxious stimuli affect autonomic responses. Some studies have measured the autonomic response via pulse oximetry.[@b11-jpr-7-091] Heart rate variability may be useful in measurement of sympathetic tone during general anesthesia,[@b16-jpr-7-091] especially during painful events. The Surgical Stress index, which indicates the level of surgical stress in anesthetized patients, is calculated using the plethysmographic pulse wave amplitude and normalized heartbeat interval. Huiku et al emphasize that the plethysmographic pulse wave amplitude is twice the heartbeat interval.[@b17-jpr-7-091],[@b18-jpr-7-091] Even in general anesthesia, PI may be a better indicator of noxious stimuli than changes in heartbeat.

Thus, our results confirm the findings of a number of previous studies[@b9-jpr-7-091]--[@b11-jpr-7-091] identifying various autonomic parameters that can be used to measure pain sensation. The stimulation strategy used in this study is different from that used in previous studies; we used a more clinically relevant strategy in the form of electrical stimulation of Aβ fibers, which is relatively less painful and noninvasive. Indeed, changes in pulse rate were not observed before or after stimulation ([Figure 3](#f3-jpr-7-091){ref-type="fig"}) in our study, as compared with previous studies.[@b9-jpr-7-091],[@b10-jpr-7-091],[@b19-jpr-7-091],[@b20-jpr-7-091] The cold and thermal pain sensations routinely used in pain stimulation experiments are sufficiently severe that heart rate or pulse rate changes are usually observed. The results of our study confirm that changes in PI are independent of pulse rate.

Skin conductance, which measures the electrical conductance of the skin and varies with skin moisture content, has been reported as another independent promising indicator of postoperative pain in children[@b19-jpr-7-091] and subjects who cannot express their pain. A postoperative study comparing the differences between skin conductance and surgical stress index in pain assessment showed that these parameters could only assess moderate to severe pain with moderate sensitivity and specificity and that their prediction accuracies were similar.[@b5-jpr-7-091] Another study suggested that assessing multiple parameters is more advantageous than assessing a single parameter.[@b20-jpr-7-091] In that study, peripheral vasoconstriction assessed using pulse oximetry and skin conductance could effectively detect the autonomic response to noxious stimuli. Thus, a combination of skin conductance and PI might be a valuable approach for effective prediction of pain perception.

The study population is another important parameter. A previous Japanese study demonstrated that the prevalence of chronic musculoskeletal pain was highest in subjects aged 30−50 years,[@b21-jpr-7-091] and the prevalence of chronic pain is generally high in the elderly.[@b22-jpr-7-091] Moreover, age-related and sex-related differences are associated with the autonomic response and microcirculation[@b23-jpr-7-091] because of differences in regulation of peripheral vascular resistance. Previous reports showed that acute pain affected sympathovagal balance, which differs according to age and sex.[@b5-jpr-7-091] Further, age and sex have been reported to affect the autonomic and hemodynamic responses to pain.[@b6-jpr-7-091],[@b7-jpr-7-091] To our knowledge, this study is the first to report that autonomic responses to weak noxious stimuli do not alter heart rate in the elderly. Therefore, age-related and sex-related differences should be considered when evaluating pain perception using autonomic parameters. Previous reports showed that reflex peripheral vasoconstriction was diminished in older men.[@b24-jpr-7-091] The difference in PI change between young and elderly men observed in our study could be attributed to reflex peripheral vasoconstriction. Another study showed that augmented control of vasoconstriction in postmenopausal women was reversed by estrogen therapy.[@b25-jpr-7-091] Differences between young and elderly women might therefore be caused by changes in estrogen levels. Previous studies have reported that heart rate changes in response to experimental pain only in male volunteers[@b7-jpr-7-091] and in patients with lower back pain.[@b6-jpr-7-091] In our study, we found that autonomic responses as measured by PI decreased significantly in young women and elderly men, but not in elderly women.

Even though pain is a complex multidimensional event that includes sensory and emotional components, using Aβ fiber electrical stimulation might be a better design strategy than heat or cold stimulation because the stimulation is less intense and does not increase pulse rate. However, it would be crucial to evaluate the advantages and disadvantages of both PI and pulse rate.

In conclusion, we have shown that noxious electrical Aβ pattern stimulation decreases PI but not pulse rate. The percent reduction in PI was highest in young male volunteers and lowest in aged female volunteers. These results indicate that PI may independently reflect the perception of noxious stimuli and may be a candidate parameter for objective evaluation of pain perception. However, our results also indicate that age-related and sex-related differences affect change in PI. Further studies evaluating the differences associated with age and sex are required in order to standardize the autonomic response to noxious stimuli before using PI as an objective marker of pain.
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![(**A**) Schematic for evaluation of pain threshold and tolerance. (**B**) Differences in electrical stimulation threshold in terms of minimum detection threshold, pain detection threshold, and pain tolerance.\
**Notes:** (**A**) MDT was the value at which participants pushed the button when they experienced any kind of sensation (not pain). PDT was the value at which participants pushed the button immediately after they felt the sensation as pain. PT was the value at which participants pushed the button when they could not endure the pain. (**B**) Error bars represent the standard error of the mean. \**P*\<0.05; \*\**P*\<0.01; ^\#^*P*\<0.001.\
**Abbreviations:** MDT, minimum detection threshold; PDT, pain detection threshold; PT, pain tolerance.](jpr-7-091Fig1){#f1-jpr-7-091}

![(**A**) Differences in perfusion index before and after electrical stimulation in each group. (**B**) Perfusion index change before and after electrical stimulation in each group.\
**Notes:** Error bars represent the standard error of the mean. \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.005; ^\#\#^*P*\<0.0005; ^\#\#\#^*P*\<0.0001.](jpr-7-091Fig2){#f2-jpr-7-091}

![(**A**) Differences in pulse rate before and after electrical stimulation in each group. (**B**) Pulse rate changes before and after electrical stimulation in each group.\
**Notes:** Error bars represent the standard error of the mean. \**P*\<0.05.\
**Abbreviation:** bpm, beats per minute.](jpr-7-091Fig3){#f3-jpr-7-091}

![Percentage of PI change and PR change in each group.\
**Notes:** Percent change =100× (post-stimulation value)/(pre-stimulation value). Error bars represent the standard error of the mean. ^\#^*P*\<0.001; ^\#\#\#^*P*\<0.0001.\
**Abbreviations:** PI, perfusion index; PR, pulse rate.](jpr-7-091Fig4){#f4-jpr-7-091}

###### 

Age distribution of study participants

          Women   Men                
  ------- ------- ------------- ---- -------------
  Aged    16      (73.7±5.65)   16   (73.8±7.20)
  Young   16      (35.1±9.82)   16   (29.1±6.63)
  Total   32      (54.4±21.1)   32   (51.4±23.7)

**Note:**

The age is shown as years; mean±SD.

**Abbreviation:** SD, standard deviation.

###### 

Correlation between perfusion index and age of participants by sex

          Before intervention                               After intervention                                    Percent change
  ------- ------------------------------------------------- ----------------------------------------------------- ------------------------------------------------------
  Women   0.431[\*](#tfn3-jpr-7-091){ref-type="table-fn"}   0.630[\*\*\*](#tfn5-jpr-7-091){ref-type="table-fn"}   −0.665[\*\*\*](#tfn5-jpr-7-091){ref-type="table-fn"}
  Men     0.0618                                            0.499[\*\*](#tfn4-jpr-7-091){ref-type="table-fn"}     −0.663[\*\*\*](#tfn5-jpr-7-091){ref-type="table-fn"}
  Total   0.168                                             0.630[\*\*\*](#tfn5-jpr-7-091){ref-type="table-fn"}   −0.665[\*\*\*](#tfn5-jpr-7-091){ref-type="table-fn"}

**Notes:**

*P*\<0.05;

*P*\<0.005;

*P*\<0.0001.

###### 

Different values of perfusion index by sex

              Before intervention (mean ± SEM)   After intervention (mean ± SEM)   Percent change (mean ± SEM)
  ----------- ---------------------------------- --------------------------------- -----------------------------
  Women       3.56±0.312                         2.98±0.325                        18.1±3.97
  Men         4.99±0.459                         3.20±0.372                        31.7±4.79
  *P*-value   *P*\<0.05                          ns                                *P*\<0.05

**Abbreviations:** SEM, standard error of the mean; ns, not significant.

###### 

Correlation between age and pulse rate of participants by sex

          Before intervention                                After intervention                                 Percent change
  ------- -------------------------------------------------- -------------------------------------------------- ----------------
  Women   −0.373[\*](#tfn7-jpr-7-091){ref-type="table-fn"}   −0.530[\*](#tfn7-jpr-7-091){ref-type="table-fn"}   −0.0530
  Men     −0.265                                             −0.301                                             −0.195
  Total   −0.373[\*](#tfn7-jpr-7-091){ref-type="table-fn"}   −0.350[\*](#tfn7-jpr-7-091){ref-type="table-fn"}   −0.0530

**Note:**

*P*\<0.05.
